Ultrafast carrier phonon dynamics in NaOH-reacted graphite oxide film 
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NaOH-reacted graphite oxide film was prepared by decomposing epoxy groups in 
graphite oxide into hydroxyl and -ONa groups with NaOH solution. Ultrafast carrier 
dynamics of the sample were studied by time-resolved transient differential reflection 
(AR/R). The data show two exponential relaxation processes. The slow relaxation 
process (~2ps) is ascribed to low energy acoustic phonon mediated scattering. The 
elect ron-phonon coupling and first-principles calculation results demonstrate that - 
OH and -ONa groups in the sample are strongly coupled. Thus, we attribute the 
fast relaxation process (~0.17ps) to the coupling of hydroxyl and -ONa groups in the 
sample. 
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Graphite comprises stacked layers of graphene, which is a two-dimensional atomic struc- 
ture of carbon atoms covalently bonded with suborbitals in a hexagonal lattice. Graphite 
loses its electrical conductivity after being oxidized into graphite oxide (GO). GO also has a 
layered structure but has two kinds of carbon atoms: sp 2 -hybridized and sp 3 -hybridized car- 
bon atoms 1-3 . The coexistence of sp 2 - and sp 3 -hybridized carbon atoms leads to the warping 
and bending of the associated carbon plane. Various chemical groups such as epoxy (-0-) 
and hydroxyl (-OH) groups are also present on the surface of GO 1 ' 4,5 . Although the optical 
and electrical properties of graphene and graphite have been investigated with pump-probe 
techniques 6,7 , the optical properties of GO-related materials have not been fully investi- 
gated. For this work, we slightly modified the structure of GO by preparing a NaOH-GO 
film, which is devoid of epoxy groups. We report the carrier phonon dynamics of the NaOH- 
GO film. Studying carrier dynamics of NaOH-GO film will lead to better understanding of 
the carriers' behavior in graphene, graphite, GO, and GO-related materials. 

GO was prepared by the Brodie method 5 ' 8 . NaOH-GO film was synthesized by immersing 
GO powders into 0.1M NaOH solution for 2 weeks, washing them with deionized water, and 
drying them in the air 9 . The NaOH-GO film was characterized by Fourier transform infrared 
spectroscopy (FT-IR, Thermo Nicolet Avatar 360 spectrometer), X-ray Photoemission Spec- 
troscopy (XPS), and Pump-probe optical reflectivity measurements. XPS experiments were 




FIG. 1. (Color online) Sample pictures, (a) graphite, (b) GO, (c) GO reacted with NaOH, and (d) 
NaOH-GO film. The scale bar in (a) - (d) is 1mm. 
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FIG. 2. (Color online) FT-IR spectra of GO and NaOH-GO film. 



conducted on the BACH beamline at Elettra in Italy. A degenerate pump-probe setup 10 
was employed with a Ti: sapphire mode- locked laser with 80 MHz pulse repetition rate, gen- 
erating 60fs pulses at 800 nm. The pump beam was focused on the sample with a spot size 
of 60 /mi to generate photoexcited carriers, while the weaker 30yum-diameter probe beam 
measured the change in reflectivity (AR/R) as a function of the probe delay time relative 
to the pump. The intensity ratio of the pump pulse (0.0375 nJ/pulse) and probe pulse 
is ~30, while the polarization between the pump (P polarized) and probe (S polarized) is 
orthogonal in order to minimize detection of the pump signal. The pump beam was chopped 
at a frequency of 1 MHz, and the AR/R at different pump-probe delay times was measured 
with a lock-in amplifier (Stanford Research System SR844 RF). 

Figure 1(a) shows graphite, which is black and conductive. After oxidation, it turns 
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FIG. 3. (Color online) C core-level XPS spectra of (a) poly crystalline graphite (99.995+%, Aldrich), 
(b) GO, (c) NaOH-reacted GO, and (d) NaOH-GO film. 
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brown (Figure 1(b)). GO turns black after reaction with NaOH (Figure 1(c)). NaOH-GO 
film (Figure 1(d)) which is flexible looks dark brown. Unlike GO, which has two kinds of 
carbon atoms, most of the carbon atoms in the NaOH-GO film are bonded through sp 3 - 
hybridization 9 . Figure 2 illustrates FT-IR spectra of GO and NaOH-GO film, which have 
four main peaks centered at 1050, 1380, 1650, and 3470 cm" 1 , representing epoxy groups, C-0 
vibrational mode, ketone groups, and hydroxyl groups (O-H stretching mode), respectively. 
Most epoxy groups in GO decompose into -ONa and -OH groups during the reaction with 
NaOH; the peak intensity at 1380 cm" 1 increases as a result of break-up of epoxy groups, 
while the peak at 1050 cm" 1 from epoxy groups diminishes. 

The C core-level XPS spectrum of graphite in Figure 3(a) shows that carbon atoms in 
graphite have only sp 2 -hybridized orbitals 11 . The peak centered at 285.4 eV is assigned to 
carbon-carbon (C-C) bonds in aromatic networks in graphite and has a well-known asym- 
metric line shape. The peak at 285.8 eV refers to a defect peak such as anthracene and 
bisanthene 12 . The origin of a broad peak at 287. leV is not clear. A plasmon peak is also 
present near 289.8 eV 13 ' 14 . In Figure 3(b), GO has three peaks: 285.3 eV, 288.4 eV, and 
290.4 eV. The first peak is from C-C which exhibits sp 2 -hybridized bonding 11 . The second 
peak originates from C-0 in alcohol which is bonded via sjo 3 -hybridized orbitals 16-18 . The 
third peak is from (n — > n*) excitation 15 . NaOH-reacted GO has three main peaks (Figure 
3(c)), which are centered at 284.6 eV, 285.2 eV, and 287.8 eV. NaOH can decompose epoxy 
groups into -ONa and -OH. Therefore, more hydroxyl groups were produced after GO re- 
acted with NaOH. In comparison with GO (Figure 3(b)), NaOH-reacted GO shows a large 
peak from sp 3 -hybridized orbitals at 287.8 eV (Figure 3(c)); this confirms that the peak 
at 287.8 eV must arise from C-0 in alcohol. The peak at 285.2 eV in Figure 3(c) can be 
assigned to structural defects with sp 2 -hybridized orbitals. The reaction with NaOH makes 
GO more defective. Meanwhile, NaOH-GO film (Figure 3(d)) has three peaks centred at 
286.3 eV, 287.7 eV, and 289.8 eV. The peak at 286.3 eV might be due to unreacted double 
bonding which manifests sp 2 -hybridized orbitals. The peak at 287.7 eV originating from 
C-0 in alcohol becomes sharper. The peak at 289.8 eV represents carbon atoms of -COOH. 
The XPS peaks in Figure 3 were fitted with Gaussian functions to determine their areas. 
The ratio of sp 2 to sp 3 is extracted by dividing these areas. The sp 2 :sp 3 ratio for GO, 
NaOH-reacted GO, and GO-film is 4.0, 0.8, and 0.3, respectively. 

The differential reflectivity ( AR/R) of the NaOH-GO film is shown in Figure 4 at several 
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FIG. 4. (Color online) Differential reflectivity (AR/R) versus pump-probe delay of NaOH-GO film 
at different temperatures. 

temperatures. The sign of AR/R is negative and the recovery of AR/R exhibits two relax- 
ation processes. The data were fitted with a double-exponential decaying function, AR/R = 
Afast*e x p{-t /Tf as t) + A s i ow *exp(-t / r s i ow ) . The negative sign of AR/R and the two relaxation 
processes are also found in bilayer graphene grown by chemical vapor deposition (CVD) 5 . Ul- 
trafast studies 19-22,24 show that carrier dynamics in graphene, few-layered graphene (FLG), 
and graphite are explained by two relaxation times (r/ as < and r s i ow ), and these two relaxation 
processes are ascribed to the optical phonon emission (rf ast ) and acoustic-phonon mediated 
phonon scattering process (t s i ow ). By fitting the data (AR/R) of NaOH-GO film at various 
temperatures, we find that the two relaxation processes after pump excitation are in the 
similar time scales to those of pristine graphene, FLG and GO 6,23,25,26 . However, the Tf as t 
and t s i ow in NaOH-GO film are temperature-independent, as shown in Figure 5. Since t s i ow 
is related to the acoustic-phonon mediated scattering process after the pump excitation, its 
value is dependent on the lattice temperature. In NaOH-GO film, the lattice temperature 
is inhomogeneous due to the strong disorder in the structure, which also leads to the sim- 
ilar portion of local structure with similar high temperature regardless of the variation of 
lattice temperature. Thus, t s i ow exhibits the temperature-independent feature in the NaOH- 
GO film in comparison with the temperature dependent one in graphene and few-layered 
graphene. Tf as t of graphene, FLG, and reduced GO is of the order of lOOfs and is ascribed 
to carrier-optical phonon interaction 7,22-24,27 . However, Tf ast of NaOH-GO film is ~180fs, 
which is almost double the value of graphene, FLG, and reduced GO. Moreover, it is con- 
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FIG. 5. (Color online) The two relaxation processes in NaOH-GO film as a function of lattice 
temperature, (a) temperature-independent Tf as t- (b) temperature- independent t s i ow . The red solid 
lines are linear fits, and the dashed lines are guides to the eyes. 



firmed in Figure 2 that the C-0 vibration mode of epoxy groups has little contribution in 
the NaOH-GO film. Thus, Tf ast of the NaOH-GO film has a different relaxation route from 
graphite compounds including epoxy groups. 

The NaOH-GO film has many defects such as wrinkles, distortions, and surface groups. 
Among them, randomly distributed -OH and -ONa groups play an important role in the 
ultrafast carrier dynamics of the NaOH-GO film. Figure 6 schematically illustrates the 
structure of the NaOH-GO film, which has wrinkles, distortions, and many chemical groups 
such as -OH and -ONa groups on the layer surfaces. The -OH and -ONa groups in NaOH- 
GO film have two kinds of stretching modes: intraplanar and interplanar vibration. These 
act, respectively, like dangling bonds swinging freely on the layers or vibrating between 
the layers. In addition, hydrogen-bond formation between interlayers accelerates -OH group 
vibrations. The functional group vibration can be coupled to generate phonons in amorphous 
materials 28-30 . 

To understand the fast relaxation processes, first-principles calculations were performed, 
based on four types of GO-film structures containing: (A) only epoxy groups (Figure 7(a)); 
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FIG. 6. (Color online) Schematic diagram of a NaOH-GO film. The layers are wrinkled and have 
so many chemical groups. Hydrogen bonds are apparent between chemical groups (dot lines). 



(B) ketone groups exclusively (Figure 7(b)); (C) two surface layers -OH groups, each on 
opposite GO face (Figure 7(c)); (D) surface layers -OH and -ONa groups, each on opposite 
GO faces (Figure 7(d)). These four structure types were constructed based on our experi- 
mental FT-IR and XPS observations. Density functional theory was employed within the 
local density approximation (LDA) using Quantum ESPRESSO [30] code with separable 
norm-conserving pseudopotentials and a plane- wave basis set. A kinetic energy cut-off of 60 
Ry and 8x8x8 fc-points were employed. Each atomic structure is fully relaxed in phonon 
and electron phonon coupling (EPC) calculations (q mesh), until forces acting on atoms are 
less than 0.0001 eV/A. The EPC matrix elements have been calculated in the first Brillouin 
zone (BZ) on s 4x4x4 q mesh obtained by employing Gaussian smearing of 0.015 Ry on a 
8x8x8 k mesh. . 

The electron-phonon coupling strength associated with a specific phonon mode and 
wavevector X n k is given by 32 : 
Equation 1 



dq , , , \ 2 1 r n qv 1 fmk+q n qu 4" fmk+q 

Kk=>J ^lw(M) I bp 77^ + 7^ ; Z77^ ] & 

A-BZ \£>F — £mk+q — U qu ) {tip ~ ^mk+q + ^qv) 



Here e n k is the energy eigenvalue of an electron with band index n and wavevector k, 
while u qv is the energy eigenvalue of a phonon with branch index v and wavevector q. 
Ep is the Fermi energy. Abz is the area of the first Brillouin zone where the integration 
is performed. f n ^ and the Fermi-Dirac and the Bose-Einstein factors, respectively. 

g mnu =(mk+q\AV qi/ (r)\nk) is the scattering amplitude of an electronic state \nk) into another 
state \mk + q) resulting from the perturbation in the self-consistent field potential AV q „(r) 
arising from a phonon with branch index v and wavevector q. A at the T point was focused 



(a) 



(b) 




Nao 
O • 

C c 

H c 



(c) 




(d) 



(e) 



FIG. 7. (Color online) Atomic structures for four GO structures concerned with this work, contain- 
ing (a) only epoxy groups, (b) only ketone groups, (c) -OH groups on the two surfaces, and (d) -OH 
and -ONa groups on the two surfaces. The purple, red, gray and white colors represent sodium, 
oxygen, carbon and hydrogen atoms, respectively. In addition, (e) shows T point wavefuction plot 
for the electron doping of Figure 7(d). Yellow, purple, and red circles represent carbon, sodium, 
and oxygen atoms, respectively. 

in our calculation. We applied 1% electron doping for the EPC calculations. The strongest 
EPC occurs at 27.04THz (37fs, A=1.06) in A and at 44.7THz (22fs, A=0.52) in B. The 
strongest EPC for the -OH and -OH in C occurs at 6.5THz (153fs, A=0.0524). For structure 
D, the EPC is strongest at 5.49THz (182fs) with a lambda value 1.83. This is the same as 
the value of Tf ast obtained by the pump-probe measurements. Thus, we attribute the origin 
of the Tf as t to the coupling of -OH and -ONa groups. We also applied a 1% hole doping 
for the EPC calculation. However, the strong EPC remains unchanged regardless of the 
amount of hole doping. Since Equation 1 includes the Bose-Einstein factor, the electron- 
phonon coupling strength for crystalline materials is temperature-dependent. In Figure 3, 
the ratio of sp 2 to sp 3 - in NaOH-GO film is 0.3, indicating that the material has very strong 
disorder character. Therefore, the temperature-dependent carrier-phonon dynamics feature 
is suppressed substantially by the strong disorder in the NaOH-GO film and the values 
of Tf ast an d Tsiow become temperature-independent. The wavefunctions at valance band 
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maximum (VBM) and conduction band minimum (CBM) at the T point of the structure 
D are plotted in Figure 7(e). The VBM wavefunction lies at the carbon with delocalized 
character, and CBM wavefunction is mainly localized near oxygen in 0-H and O-Na bonds. 
Both wavefunctions will couple to the phonon modes consisting of the 0-H and O-Na bonds. 
The relatively localized feature of CBM wave function results in more substantial coupling 
with the motion associated with hydroxyl and -ONa, which is dominant in the electron 
doping situation. Moreover, the relatively heavy mass of sodium accounts for the longer 
time scale of this fast process as compared with that of graphene, FLG, and reduced GO. 

We modified the structure of GO by removing epoxy groups and prepared a NaOH-GO 
film. We characterized its structure with FT-IR and XPS. To investigate its carrier-phonon 
dynamics, we performed pump-probe measurements at different temperatures. Tf ast and t s i ow 
are temperature-independent. According to the first-principles calculation, the vibrational 
modes of -OH and -ONa groups in the samples are coupled. This coupling is so stable 
that they interact through hydrogen bonding between interlayers. We attribute Tf ast to the 
carrier-phonon coupling involved with -OH and -ONa groups in NaOH-GO film. 
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